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ABSTRACT 

This  paper1  presents  recent  advances  in  the  development 
of  a  micro  magnetic  induction  motor/ generator.  The 
development  of  this  machine  is  part  of  an  ongoing  project 
to  develop  high-power-density  electric  machinery  for  use 
in  portable  power  applications.  The  results  reported  here 
focus  on  testing  a  first- generation  non-laminated  tethered 
motor ,  and  fabricating  a  second- generation  laminated 
tethered  motor.  These  tethered  motors  are  metrology 
devices  designed  for  exploring  and  characterizing  the 
fabrication  and  operating  behavior  of  the  micro  magnetic 
induction  machine. 

INTRODUCTION 

The  MIT  Gas  Turbine  Engine  Project  [1]  seeks  to  develop 
a  millimeter-scale  gas  turbine  engine  generator  that  can 
produce  tens  of  Watts  of  electrical  power  for  portable 
general-purpose  use.  As  part  of  that  project,  several 
induction  generators  are  under  development  as  the 
electromechanical  energy  converter.  The  baseline 
generator  is  an  electric  induction  generator  [2],  chosen  for 
its  compatibility  with  the  MEMS -based  fabrication  of  the 
rest  of  the  system.  However,  in  parallel  with  its 
development  we  are  also  developing  a  magnetic  induction 
generator.  It  is  the  latter  generator  that  is  the  subject  of 
this  paper.  There  are  several  reasons  for  our  interest  in  the 
magnetic  induction  generator,  which  can  also  be  used  as  a 
motor.  First,  as  the  torque  and  power  targets  for 
electromechanical  energy  conversion  increase,  so  too  will 
the  size  of  the  machines  that  perform  the  conversion.  This 
increase  is  already  sufficient  for  magnetic  machines  to  be 
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favored  generally  over  electric  machines  in  terms  of 
torque  and  power  density.  Second,  magnetic  induction 
machines  can  operate  with  rotor-stator  gaps  much  larger 
than  is  electromechanically  feasible  for  electric  induction 
machines.  This  results  in  greatly  reduced  windage  losses, 
which  leads  to  much  greater  system  efficiency,  all  else 
being  equal.  Third,  magnetic  machines  are  inherently  low- 
voltage  high-current  low-frequency  machines  by 
comparison.  They  are  therefore  better  matched  to  their  end 
use  in  the  portable  power  applications  of  interest,  and  their 
power  electronics  should  be  much  more  compact  and 
efficient.  Thus,  it  is  important  to  develop  magnetic 
induction  machines  as  alternatives  to  electric  induction 
machines. 

The  development  of  micro  magnetic  induction  machines 
for  the  applications  described  in  [1]  poses  many 
challenges.  First,  the  induction  machines  are  fabricated 
primarily  from  thick  magnetic  cores  of  NiFe,  and  thick  Cu 
conductors,  for  example.  This  must  be  integrated  with  the 
silicon-based  fabrication  of  the  turbomachinery  with 
which  the  machines  cooperate.  The  introduction  of  the 
cores  and  conductors  into  the  high-temperature 
applications  described  in  [1]  also  poses  materials  and 
thermal  management  challenges.  Second,  eddy  currents  in 
the  magnetic  cores  can  result  in  greatly  reduced  torque 
and  power,  and  can  also  lead  to  significant  losses.  Thus, 
eddy  currents  must  be  managed  through  materials 
selection  and/or  development,  and  through  core 
lamination.  The  work  reported  here  directly  addresses 
these  challenges. 

A  solid  model  of  our  micro  magnetic  induction  machine  is 
shown  in  Figure  1.  The  machine  is  planar,  with  an  axial 
air  gap  between  the  rotor  and  stator.  The  rotor  is  a  solid 
magnetic  disk  that  supports  a  highly  conducting  layer  at 
the  air  gap.  The  annular  stator  core  is  slotted,  and  two 
coils  are  wound  through  its  slots  in  spatial  quadrature.  The 
coils  are  fabricated  in  separate  layers,  and  their  end  turns 
are  exaggerated  for  improved  heat  transfer  to  the 
substrate. 
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Rotor 


Figure  1 .  A  solid  model  of  the  micro  magnetic  induction 
machine. 

With  its  coils  excited  in  temporal  quadrature,  the  stator 
supports  a  traveling  wave  of  current  which  excites  a 
traveling  air-gap  magnetic  field.  This  field  in  turn  induces 
currents  in  the  rotor  conductor  with  which  it  interacts  to 
produce  a  torque  on  the  rotor.  Such  operation  can  lead  to 
both  motoring  and  generating  power  output.  The  machine 
shown  in  Figure  1  is  an  8-pole  machine  having  4  slots  per 
pole  pair. 

Figure  2  shows  a  micrograph  of  a  fabricated  stator  having 
the  same  design.  For  photography  purposes,  the  insulation 
that  encloses  the  coils  has  been  partially  etched  back  to 
expose  one  coil.  Figure  3  shows  a  close-up  micrograph  of 
the  inner  end  turns.  Both  coils  are  visible  in  this  figure. 
The  machine  shown  in  Figures  2  and  3  is  fabricated  with 
NiFe  cores  and  Cu  conductors;  epoxy  is  used  to  insulate 
the  Cu  coils  from  one  another  and  from  the  core. 


Figure  2.  A  micrograph  of  a  first-generation  non- 
laminated  stator.  The  coil  insulation  has  been  partially 
etched  back  to  reveal  the  coils 


The  motor  is  fabricated  on  a  1-mm-thick  NiFe  wafer.  The 
inner  and  outer  diameters  of  the  stator  core  are  2  mm  and 
4  mm,  respectively.  The  vertical  NiFe  slots  are  250  pm 


tall.  The  copper  coils  are  both  200  pm  wide  in  the  slots 
and  85  pm  thick.  The  insulation  separating  the  coils  from 
one  another  and  from  the  core  is  approximately  25  pm 
thick. 

The  rotor,  which  is  not  shown  in  the  figures,  is  4  mm  in 
diameter  and  500  pm  thick,  and  its  Cu  layer  is  8  pm  thick. 
The  typical  rotor-stator  air  gap  is  25  pm.  Further 
fabrication  and  performance  details  can  be  found  in 
[3, 4, 5, 6, 7].  Note  that  the  machine  shown  in  Figures  1  and 
2  is  not  laminated  for  ease  of  initial  fabrication.  However, 
since  it  is  designed  to  operate  at  electrical  frequencies  of 
10  kHz  to  200  kHz,  its  electromechanical  performance 
will  suffer  significantly  due  to  the  presence  of  eddy 
currents  and  associated  saturation,  primarily  in  the  stator 
core.  The  purpose  of  the  work  reported  here  is  to  address 
these  effects,  first  by  experimentally  measuring  and 
analytically  modeling  them,  and  then  by  developing  a 
laminated  stator  to  minimize  their  impact  on  performance. 

TETHERED  MOTOR  CHARACTERIZATION 

To  investigate  and  characterize  the  fabrication  and 
operation  of  the  magnetic  induction  machine,  we  have 
designed  and  fabricated  a  tethered  motor. 

A  tethered  motor  is  one  in  which  the  rotor  is  suspended 
above  the  stator  by  axially  stiff  springs,  or  tethers.  The 
tethers  are  flexible  in  the  plane  of  the  rotor  allowing  the 
rotor  to  rotate.  The  torque  produced  by  such  a  motor  is 
directly  measurable  through  the  bending  of  its  tethers, 
which  is  easily  calibrated  through  controlled  excitation. 
Because  the  rotor  is  tethered,  and  hence  stationary,  the 
torque  measurements  are  not  obscured  by  bearing 
behavior,  and  are  therefore  very  accurate. 

The  axial  force  of  attraction  between  the  rotor  and  stator 
may  also  be  measured  in  this  way.  Thus,  the  tethered 
motor  is  the  primary  device  with  which  we  accurately 
measure  the  torque  produced  by  a  magnetic  induction 
machine,  and  with  which  we  experimentally  validate  our 
models  of  its  behavior.  Further,  it  is  also  an  ideal  machine 
on  which  to  develop  the  fabrication  of  magnetic  induction 
machines. 

Following  the  methods  outlined  in  [4,6]  the  torque 
produced  by  the  tethered  motor  has  been  measured  as  a 
function  of  the  amplitude  and  frequency  of  the  currents  in 
the  stator  coils.  The  results  are  shown  as  data  points  in 
Figure  4.  The  peak  torque  near  0.3  pNm  at  6  A  and  90 
kHz  is  approximately  a  factor  of  30  below  what  would  be 
expected  in  the  absence  of  stator  eddy  currents  [3,6],  and 
so  these  eddy  currents  do  have  a  significant  impact  on 
performance.  These  eddy  currents  act  to  exclude  magnetic 
flux  from  the  stator  core,  and  hence  directly  reduce  the 
torque  produced  by  the  motor. 

Following  the  methods  outlined  in  [5,6],  the  models 
presented  in  [3,6]  have  been  extended  to  include  the 
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Simulated  and  Measured  Torques  at  various  Input  currents 


Figure  3.  Experimentally  measured  torque  (data  points)  is 
shown  as  a  function  of  electrical  excitation  frequency  for 
various  values  of  peak  stator  current.  Model  predictions 
(solid  lines)  are  also  shown 

effects  of  eddy  currents  in  the  stator  and  rotor  cores.  The 
nonlinear  magnetization  of  the  stator  and  rotor  cores  is 
also  included.  This  extension  is  based  upon  a  two- 
dimensional  finite-difference  time-domain  simulation  of 
magnetic  diffusion  in  the  stator  core.  The  torques 
predicted  by  the  extended  model  are  shown  in  Figure  4 
with  solid  curves.  The  good  match  between  the 
experimental  and  modeled  torque  is  further  indication  of 
the  importance  of  eddy  currents.  The  models  further 
indicate  that  nearly  all  of  the  torque  predicted  in  the 
absence  of  eddy  currents  can  be  recovered  if  the  stator  is 
laminated  to  a  thickness  on  the  order  of  20  to  50  pm, 
depending  upon  operating  conditions.  For  this  reason,  we 
are  working  towards  laminating  the  stator  at  this  length 
scale.  Laminating  the  rotor  does  not  appear  to  be 
important  because  it  operates  at  a  much  lower 
electromagnetic  frequency. 

VERTICALLY  LAMINATED  INDUCTION 
MACHINE 

In  macro-scale  magnetic  devices,  low-loss  laminated  cores 
are  typically  achieved  by  stacking  alternating  layers  of 
core  material  and  insulating  material  (which  blocks  eddy 
current  flow),  and  laminating  the  entire  stack  together. 
Laminations  have  also  been  utilized  in  micromachined 
magnetic  components.  Previous  approaches  to 
micromachined  laminations  include  one- step 
electroplating  of  vertical  high-aspect-ratio  NiFe  structures 
[8];  repeated  deposition  of  insulator,  seed  layer,  and  NiFe 
films  [9];  multiple  sputtering  of  thin  magnetic  and 
dielectric  layers  [10];  and  mechanical  lamination  of 
polymer-coated  NiFe  foils  [11]. 


Although  these  approaches  have  demonstrated 
improvement  in  device  performance,  processability  and 
scaling  remain  as  unaddressed  issues.  As  permeabilities 
and  desired  operation  frequencies  increase,  lamination 
thicknesses  should  be  reduced  to  the  micron  to  tens  of 
microns  range  (i.e.,  on  the  order  of  the  magnetic  skin 
depth,  which  depends  on  the  frequency)  while 
simultaneously  maintaining  total  core  thicknesses  of  tens 
to  hundreds  of  microns  to  prevent  saturation.  These 
requirements  dictate  large  numbers  of  thin,  high-aspect- 
ratio  laminations,  which  are  difficult  to  achieve  using  the 
previously-proposed  approaches.  For  example,  in  the  case 
of  vertically-laminated  structures,  the  required  aspect  ratio 
of  the  mold  laminations  increases,  making  mold 
fabrication  difficult.  Horizontal  lamination  using  repeated 
deposition  of  magnetic  thin  films  and  insulators,  e.g.,  by 
sequential  sputtering,  overcomes  this  difficulty  but  may 
not  be  able  to  achieve  the  required  overall  stack 
thicknesses  due  to  stress  issues.  Electroplating  of 
horizontal  laminations  offers  the  possibility  of  fabricating 
structures  of  sufficient  overall  thickness,  but  the  repeated 
switching  of  substrates  between  plating  bath  and  vacuum 
system  as  detailed  in  [3]  becomes  unmanageable  as  the 
number  of  layers  increases.  Finally,  conventional  foil 
lamination  becomes  difficult  and  impractical  as  the  foil 
thickness  approaches  the  micron  range,  especially  since 
mechanical  strain  of  magnetic  foils  has  been  demonstrated 
to  degrade  magnetic  properties. 

When  correctly  laminated,  the  ferromagnetic  core 
structure  of  the  stator  is  formed  of  successive  concentric 
vertical  blades.  A  three-dimensional  schematic  view  of  the 
complete  structure  is  presented  in  Figure  4.  We 
endeavored  to  fabricate  a  second  generation  of  functional 
two-coil  stators  that  include  NiFe  laminations  of  various 
thicknesses.  We  altered  the  fabrication  method  that  we 
previously  developed  for  the  non-laminated  micro¬ 
induction  machine.  Lamination  widths  range  from  25  to 
100  pm.  The  overall  height  of  the  magnetic  structure  is  set 
by  the  thickness  of  all  the  metal  layers  combined,  i.e.  the 
coils  and  the  electrical  passivation  layers.  Because  of  the 
challenge  associated  with  the  fabrication  of  vertically- 
stacked  multilayer  high  aspect  ratio  structures,  we  decided 
to  limit  the  overall  thickness  of  the  complete  laminated 
structure  for  initial  fabrication  trials.  This  translates 
directly  into  fabricating  Cu  coils  in  which  the  thickness  is 
less  than  the  thickness  of  the  coils  of  the  first  generation 
of  non-laminated  stators.  As  a  consequence,  these  Cu  coils 
have  a  lower  maximum  current  safety  threshold.  Even 
though  materials  and  maximum  achievable  dimensions 
will  limit  these  devices  to  relatively  low  operating  currents 
(less  than  6A  RMS),  such  laminated  stators  are  essential 
parts  of  the  development  plan  since  they  will  allow  us  to 
collect  important  data  on  performance  of  optimized 
magnetic  structures. 


3  of  5 


The  fabrication  starts  with  electrodepositing  a  NiFe 
laminated  "back-iron"  plate  (not  shown).  This  structure  is 
passivated  using  10  pm  thick  photosentitive  SU-8  epoxy 
layer  (not  shown).  A  first  Cu  coil  is  electrodeposited  (from 
a  removable  mold  of  thick  commercial  photoresist:  40 
pm),  and  a  thick  layer  of  photodefined  SU-8  is  deposited 
on  top  of  the  metal  lines  (Figure  5.1).  Due  to  the  excellent 
planarization  properties  of  SU-8,  a  conventional  UV 
photolithography  step  is  performed  to  create  high  aspect 
ratio  trenches  and  walls  (Figure  5.2  and  5.3).  The  trenches 
are  subsequently  filled  with  electroplated  NiFe, 
completing  one  metal  layer  (Figure  5.4).  The  operation  is 
repeated  in  order  to  complete  the  second  metal  layer.  Once 
the  metal  layers  are  fabricated,  a  final  NiFe  electroplating 
sequence  completes  the  structure.  Ten  masks  and 
photolithography  steps  are  needed  to  produce  a  functional 
device. 


Figure  4.  3D  artistic  view  of  a  2-coil  stator  with  fully 
laminated  NiFe  core. 
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Figure  5.  Complete  fabrication  sequence  for  one  metal 
layer  of  a  2-coil  stator  with  laminated  NiFe  core 


stators.  We  fabricated  the  devices  using  various  substrates 
such  as  NiFe  (80%-20%)  wafers,  high  electrical  resistivity 
ferrite  wafers,  and  RF  compatible  ceramic  boards. 
Examples  of  functional  devices  are  presented  Figures  7 
and  8.  These  devices  are  currently  under  test. 


Insulator  vertical 
layer  tiv 


NiFe’ 

*hat 


lamination 
thickness  f 


Figure  6.  3D  artistic  view  of  a  functional  2-coil  stator  with 
laminated  NiFe  core. 


Cu  coil  thickness 

tcu 

35  pm 

Number  of  coils 

2 

NiFe  back-iron  plate 
(thickness) 

Iplate 

60  pm 

NiFe  "hats"  thickness 

hat 

60  pm 

Insulator  thickness 

ti 

10  pm 

Vertical  lamination  width 

t, 

25-100 

L1 

pm 

Vertical  insulating 

material 

tiv 

25-50  pm 

Gap  between  NiFe  slots 

tg 

10  pm 

Max.  current  before 

6  A 

destruction 

(RMS) 

Overall  thickness  (not 
including  the  wafer) 

>250  pm 

Substrate:  NiFe,  Ferrite,  RF  ceramic  board 

A  3D  view  of  a  complete  multilayer  structure  is  depicted 
in  Figure  6.  The  following  table  (Table  1)  introduces 
important  traits  and  geometrical  figures  of  the  fabricated 
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Table  1.  Important  traits  and  geometrical  figures  of 
fabricated  stators  with  NiFe  laminated  core 
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Figure  7 :  Optical  photography  of  a  complete  stator  with 
laminated  NiFe  core.  The  device  is  built  on  top  of  a  5  mm 
thick  ferrite  wafer. 


Figure  8:  Optical  photograph  of  a  laminated  stator  before 
completion  (detail).  The  darker  regions  indicate  the 
presence  of  electroplated  concentric  NiFe  vertical 
laminations  (witdh:  50  pm) 

SUMMARY  &  CONCLUSIONS2 

During  the  past  year,  our  development  of  a  micro 
magnetic  induction  machine  for  portable  power 
applications  has  focused  on  understanding  and  minimizing 
the  effects  of  eddy  currents  in  the  machine.  Specifically, 
we  have  extended  our  models  of  machine  performance  to 
include  the  effects  of  eddy  currents  and  the  magnetic 
saturation  that  they  cause.  The  models  explain  the 
measured  performance  of  the  machine  very  well.  These 
models  also  predict  the  degree  to  which  the  machine  must 
be  laminated  in  order  to  minimize  the  negative  impact  of 
eddy  currents.  Finally,  we  have  demonstrated  the  ability  to 
fabricate  magnetic  induction  machines  with  this  desired 
degree  of  lamination.  Testing  of  the  laminated  machines  is 
now  underway. 
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